To examine the hypothesis that glutathione S-transferases (GST) play an important role in the hepatocellular transport of hydrophobic organic anions, the kinetics of the spontaneous transfer of unconjugated bilirubin between membrane vesicles and rat liver glutathione S-transferase B (ligandin) was studied, using stopped-flow fluorometry. 
Introduction
To examine the hypothesis that glutathione S-transferases (GST) play an important role in the hepatocellular transport of hydrophobic organic anions, the kinetics of the spontaneous transfer of unconjugated bilirubin between membrane vesicles and rat liver glutathione S-transferase B (ligandin) was studied, using stopped-flow fluorometry. Bilirubin transfer from glutathione S-transferase B to phosphatidylcholine vesicles was best described by a single exponential function, with a rate constant of 8.0+0.7 s-5 (+SD) at 250C. The variations in transfer rate with respect to acceptor phospholipid concentration provide strong evidence for aqueous diffusion of free bilirubin. This finding was verified using rhodamine-labeled microsomal membranes as acceptors. Bilirubin transfer from phospholipid vesicles to GST also exhibited diffusional kinetics. Thermodynamic parameters for bilirubin dissociation from GST were similar to those for human serum albumin. The rate of bilirubin transfer from rat liver basolateral plasma membranes to acceptor vesicles in the presence of glutathione S-transferase B declined asymptotically with increasing GST concentration. These data suggest that glutathione S-transferase B does not function as an intracellular bilirubin transporter, although expression of this protein may serve to regulate the delivery of bilirubin, and other nonsubstrate ligands, to sites of metabolism within the cell. (J. Clin. Invest. 1995 Invest. . 96:1927 Invest. -1935 .) Key words: bilirubin * glutathione transferases * biological transport * kinetics * intracellular membranes
The glutathione S-transferases (GST)' represent an important family of detoxifying isoenzymes, which catalyze the conjugation of glutathione to hydrophobic substrates that bear an electrophilic functional group (1, 2) . In addition to this enzymatic function, GST also exhibit high-affinity binding of a variety of endogenous and xenobiotic substances (2-6), which do not undergo metabolism (nonsubstrate ligands). One such compound, unconjugated bilirubin (bilirubin-IXa), the hydrophobic end product of heme degradation, is bound efficiently by a member of the alpha class of GST, glutathione S-transferase B (ligandin) (3, (7) (8) (9) (10) . This protein, which consists of homoand heterodimers of Ya and Yc subunits (2) , is present in high concentration in the liver, kidney, intestine, and adrenal (11), and represents the principal intracellular binding protein for bilirubin in both rat and human liver (3, 12, 13) . Indeed, the hepatocyte is a major site of GST expression, with glutathione S-transferase B constituting as much as 5% of total soluble protein ( 14, 15) . The other classes of GST (mu and pi) exhibit unique tissue distributions and are distinguished from alpha class proteins on the basis of substrate specificity, affinity for nonsubstrate ligands, and isoelectric point (2) .
It has long been postulated that GST serve a cellular transport function, carrying hydrophobic nonsubstrate ligands through the cytosol to intracellular sites of metabolism (1, 4, 6, 13, 16) . While refuted by some authors (17, 18) , there is evidence to suggest that GST facilitate the movement of heme out of mitochondria (19, 20) , and GST YbYb (mu class) has been implicated in the transport of hormones to the cell nucleus (6, 21) . The mechanism by which the GST are postulated to enhance the rate of intracellular diffusion is via an increase in the effective aqueous concentration of the ligand (13) . However, to date, there has been little direct evidence to support this hypothesis. In fact, the GST exhibit several physical properties which are atypical for intracellular transport proteins. For instance, the molecular masses of the various GST (44-50 kD) are two-to fourfold higher than those of other well characterized transporters, such as fatty acid binding proteins (22) , nonspecific lipid transfer protein (23) , and phosphatidylcholine transfer protein (23) . The relative large size of the GST would result in a reduced rate of intracellular diffusion (24, 25) , an attribute which is poorly suited to efficient transport function. Moreover, GST undergo dimerization, a characteristic which has not been identified in other intracellular transport proteins. Finally, GST possess an essential enzymatic function which is independent of the transported (nonsubstrate) ligand, a property not otherwise observed with other transporters. Thus, there are many unusual features of the GST which cast doubt on their capability to effectively function as cytosolic transport proteins. (26) , and that the lipid composition of intracellular membranes may facilitate the trafficking of bilirubin from the plasma membrane to the endoplasmic reticulum of the hepatocyte (27) . Based on these findings, we have postulated that the hepatocellular transport of bilirubin is mediated, at least in part, by cellular membranes. Our investigations were designed to elucidate the kinetic mechanisms of bilirubin binding to and dissociation from glutathione S-transferase B, and to directly examine the effect of this protein on the rate of intermembrane bilirubin transfer. Contrary to generally held concepts regarding the role of GST in the intracellular transport of nonsubstrate ligands, the results of these studies suggest that glutathione S-transferase B does not facilitate the aqueous movement of bilirubin.
Methods
Materials. Egg lecithin (grade 1) used in the preparation of phospholipid vesicles was obtained from Lipid Products (Surrey, United Kingdom). The fluorescent phospholipid probes N-(5-dimethylaminonaphthalene-l-sulfonyl)dipalmitoyl-L-a-phosphatidylethanolamine (dansyl- PE) and (N-lissamine rhodamine B sulfonyl)diacyl-L-a-phosphatidylethanolamine (rhod-PE) were purchased from Avanti Polar Lipids (Birmingham, AL). Rat liver glutathione S-transferase B (YaYc fraction) was obtained from Biotrin International (Dublin, Ireland) and was further characterized by SDS-PAGE (Fig. 1) . Bilirubin-IXa was purchased from Porphyrin Products, Inc. (Logan, UT), and purity was documented at > 99% by absorbance in chloroform solution (E453 = 62,000 M -I * cm-') and by reverse phase HPLC (28) . Unfractionated rat liver GST, l-chloro-2,4-dinitrobenzene (CDNB), and reduced glutathione (GSH) were purchased from Sigma Chemical Company (St. Louis, MO). All glassware was chloroform washed to avoid potential lipid contamination.
Assay of GST activity. GST activity was determined using the method of Habig and Jakoby (29) . Measurements were performed by incubating 1.0 mM CDNB and 1.0 mM GSH in 0.1 M potassium phosphate (pH 6.5) at 250C and measuring spectrophotometric changes at 340 nm after the addition of an amount of enzyme which resulted in an absorbance change of < 0.05/min over 3 min. All activities were corrected for nonenzymatic rates. The specific activity of rat liver glutathione S-transferase B (YaYc) was 11 jImol * min -I * mg -', consistent
with reported values (29) . Unfractionated GST exhibited a specific activity of 27 Mmol minm -mg-'. This elevated value likely reflects the presence of glutathione S-transferase A (YbYbl) in the preparation, which exhibits a significantly higher activity against CDNB as compared with the B isoform (29) . Preparation of small unilamellar vesicles and incorporation offluorescent probes. Small unilamellar vesicles were prepared by a modification (26) of the sonication procedure of Barenholz et al. (30) . Phospholipids were solubilized in ether, evaporated under argon atmosphere, and then desiccated overnight under vacuum. The dried phospholipids were suspended in aqueous buffer and sonicated on ice under an argon atmosphere, followed by centrifugation to sediment large vesicle contaminants. Vesicle phospholipid concentration was quantified using the lipid phosphorus assay of Bartlett (31) .
Isolation andfluorescent labeling ofmicrosomal membrane vesicles from rat liver. Rat liver microsomal membranes were isolated from fasted male Sprague-Dawley rats (Charles River Breeding Laboratories, Inc., Wilmington, MA), as described previously (27) . Livers were resected and homogenized in 0.25 M sucrose, 10 mM Tris-HCl, 1 mM MgCl2 (pH 7.3), followed by serial centrifugation at 41,000 gave for 10 min and 80,000 gave for 25 min. The phospholipid probe, rhod-PE, was incorporated into microsomal membranes at a concentration of 1 mol% phospholipid, according to the method of Stubbs et al. (32) . A chloroform solution of rhod-PE was evaporated under argon and desiccated overnight. Freshly prepared microsomes were added to the dried lipids (5.6 jg rhod-PE/mg microsomal protein), which were resuspended and, after a 10-min incubation at room temperature, centrifuged at 80,000 gave for 25 min. The labeled microsomal membranes were harvested, stored at 40C, and used within 6 h of preparation. Protein was quantified by the Bio-Rad assay (Bio-Rad Laboratories, Hercules, CA).
Isolation of rat basolateral liver plasma membranes. Hepatocyte basolateral liver plasma membranes (bLPM) were prepared using the method of Meier and Boyer (33), as described previously (27) . The livers of male Sprague-Dawley rats were excised, homogenized, centrifuged for 15 min (1,500 gae), and the pooled pellets were subjected to sucrose density centrifugation (90,000 gave) for 90 min in a swinging bucket rotor. Mixed liver plasma membranes were harvested, washed twice (2,700 gave for 15 min), rehomogenized, and subjected to repeat sucrose density centrifugation (197,500 gave) for 3 h. The basolateral membrane fraction was harvested, sedimented (115,000 gve for 60 min), and resuspended in 0.25 M sucrose, 0.2 mM CaC12, 5 mM MgSO4, and 20 mM Hepes/Tris (pH 7.4) buffer. Membranes were stored at -70°C and used within 2 wk of preparation. The enrichment of the bLPM preparation (35-40-fold) was determined by the coupled kinetic assay for ouabain-sensitive Na+/K+-ATPase and Mg2+-ATPase, as described by Scharschmidt and colleagues (34) .
Measurement of bilirubin transfer from glutathione S-transferase B to acceptor vesicles. The spontaneous transfer of bilirubin from rat liver glutathione S-transferase B (YaYc) to acceptor phospholipid vesicles was monitored by changes in the intrinsic tryptophan fluorescence of GST induced by bilirubin binding (5, 10) . Since unconjugated bilirubin is insoluble at neutral pH (35) , incorporation into GST (or phospholipid vesicles) was accomplished by dissolving the bile pigment in alkaline buffer, followed by rapid neutralization (26, 36) . A fluorometer (Applied Photophysics, Leatherhead, United Kingdom) equipped with an SPF-17 stopped flow device was used to monitor the rate of reemergence of protein fluorescence (excitation [ex]: 280 nm, emission [em] : 320 nm long-pass filter) as bilirubin transferred from glutathione S-transferase B (1:1 molar ratio) to small unilamellar phosphatidylcholine acceptor vesicles (26) . At these excitation and emission wavelengths, the contribution of bilirubin fluorescence (37) to the total signal was negligible ( < 0.1% ). In an attempt to simulate intracellular conditions, transfer experiments were conducted in a 0.1 M KCl, 10 mM Tris-HCl, 1 mM EDTA buffer solution (pH 7.4), and all steps were performed in the dark to minimize bilirubin photodegradation.
As native hepatocyte membranes exhibit substantial tryptophan fluorescence (27) , the rate of bilirubin transfer from glutathione S-transferase B to membrane vesicles also was determined by labeling acceptor membranes with a fluorescent phospholipid and monitoring changes in probe fluorescence. Initially, a model system was used in which dansyl-PE was incorporated into small unilamellar phosphatidylcholine vesicles at a concentration of 0.2 mol% (36) . When a solution of GST-bound bilirubin is mixed with these labeled vesicles, quenching of dansyl fluorescence (ex: 340 nm, em: 520 nm long-pass filter) is observed as the bilirubin transfers from the protein to the acceptor vesicles. Using a similar experimental approach, the rate of bilirubin transfer from gluta-thioneS-transferase B to rhodamine-labeled microsomal membranevesicles also was measured. Bilirubin, when excited at 450nm, transfers energy to the rhodamine probe on binding to labeled microsomal vesicles (em: 535 nm long-pass filter), thereby enabling bilirubin transfer from GST to be monitored by the time-dependent increase in rhodamine fluorescence.
Determination of the rate of bilirubin transfer from small unilamellar phosphatidylcholine vesicles to GST. The rate of bilirubin transfer from small unilamellar phosphatidy1choline donor vesicles (containing 0.5 mol% dansyl-PE) to GST was determined using stopped-flow fluorometry. After the rapid mixing of GST with bilirubin-incorporated (quenched) vesicles, reemergence of dansyl fluorescence (ex: 340 nm, em: 520 nm long-pass filter) was observed as bilirubin transferred from the donor vesicles to the protein acceptor. Unfractionated (total) rat liver GST, as opposed to the YaYc fraction, were used in these experiments due to the prohibitive protein concentrations required. Measurement of bilirubin transfer from basolateral plasma membranes to acceptor vesicles in the presence of glutathione S-transferase B. Studies of bilirubin transfer from rat basolateral liver plasma membranes to small unilamellar phosphatidylcholine vesicles labeled with 0.2 mol% dansyl-PE were performed as outlined in the preceding sections. Dansyl-labeled acceptor vesicles were combined with varying concentrations of glutathioneS-transferase B before stopped-flow mixing with bilirubin-loaded bLPM donor vesicles. The rate of appearance of bilirubin at the acceptor vesicles was determined by monitoring the quenching of dansyl fluorescence.
Kinetic analysis ofbilirubin transfer data. The time course for bilirubin transfer was analyzed by fitting the time-dependent changes in fluorescence intensity to both single and double exponential functions, with fit quality assessed by ANOVA (26, 27) . The pattern of variation in the bilirubin transfer rate with respect to the concentration of the donor and the acceptor facilitates the distinction between a collisional and a diffusional mechanism of transfer (38) , as previously demonstrated for the interaction of bilirubin with serum albumin (36) . Initial experiments used a two component system to examine the mechanism of bilirubin transfer between GST and membrane vesicles (39) . Most intracellular transfer proteins exhibit collisional ligand transfer kinetics (38, (40) (41) (42) (43) such that, during the transfer process, the protein forms a transient complex with the donor or acceptor membrane. For a collisional mechanism of bilirubin transfer between glutathione S-transferase B and acceptor vesicles, the overall transfer rate can be expressed as (36):
where [GST] is the concentration of glutathione S-transferase B, [V] is the acceptor vesicle phospholipid concentration, and KGST and K' are the association constants for GST with the bilirubin-vesicle complex and vesicles with the bilirubin-GST complex, respectively. The dissociation rate constants for GST and vesicles from the GST-bilirubinvesicle complex are indicated by koff with superscript parameters.
For a diffusional transfer mechanism, ligand interaction with acceptor membranes is presumed to occur after dissociation from GST and diffusion through the aqueous phase, with the transfer rate given by the expression (36, 39):
Ka' [GST] Rd. ceptor vesicle concentration. In contrast, transfer occurring via a diffusional mechanism (Eq. 2) should asymptotically approach the GST dissociation rate as the number of acceptors is increased. A three component system subsequently was used to determine the kinetics of GST-mediated bilirubin intermembrane transfer from rat liver basolateral plasma membranes to acceptor vesicles. The collisional and diffusional transfer models used in these analyses are detailed in The rate of bilirubin arrival at the acceptor membranes can be described by the expression: 
whereas the diffusional model (Eq. 8) reduces to: P2 Rdff = P2 (10) [GST] + P3 where P., P2, and P3 are constants. Thus, under the above conditions, a plot of the bilirubin transfer rate versus the concentration of glutathione S-transferase B is predicted to rise linearly for a collision-mediated transfer mechanism, whereas the rate of a diffusional process should decrease asymptotically with increasing GST levels.
Results
Unconjugated bilirubin quenches the steady state fluorescence of rat liver glutathione S-transferase B in a concentration-dependent manner (5, 8, 10) . The decrease in GST fluorescence induced by bilirubin binding was linear up to a 1:1 bilirubin/ protein molar ratio; hence, a ratio of bilirubin to GST below unity was used in all experiments.
Kinetic analysis of bilirubin transfer from glutathione Stransferase B to acceptor vesicles. The spontaneous transfer of unconjugated bilirubin from rat liver glutathione S-transferase B to unlabeled small unilamellar phosphatidylcholine acceptor vesicles was monitored over time using stopped-flow fluorome- changes in the GST molecule. To examine whether the presence of microsomal proteins alters the mechanism of bilirubin transfer, the spontaneous delivery of bilirubin from GST to rhodamine-labeled rat liver microsomal membranes was studied. As was observed with model acceptor vesicles, at constant GST and bilirubin concentrations, an exponential decline in the transfer rate was observed as the number of microsomes was increased (Fig. 4, inset) , indicative of a diffusional mechanism of bilirubin transfer. Collectively, these data support the concept that the transfer of bilirubin from GST to either model or native microsomal membrane vesicles occurs via aqueous diffusion. The rate of bilirubin transfer from glutathione S-transferase B to small unilamellar phosphatidylcholine vesicles was measured over a range of temperatures (18-40°C) to determine the thermodynamic activation parameters for bilirubin dissociation (26) . An acceptor vesicle concentration ( 1.0 mM) far in excess of GST ( 1.0 /LM) was selected so as to minimize reverse transfer of bilirubin and thereby to ensure that the measured rate solely reflects bilirubin dissociation from glutathione S-transferase B. From the slope of an Arrhenius plot (Fig. 5) , the free energy of activation (AGt) at 25°C was calculated to be 16.4 kcal * mol -', with enthalpic (AH ) and entropic (TAS t) contributions of 10 .0 and -6.4 kcal * mol -', respectively. These thermodynamic parameters are similar to those obtained for bilirubin dissociation from human serum albumin which, as reported previously (36) , exhibits a AG* of 17.3, AWH of 12.1, and
TASi of -5.2 kcal mol-P. Kinetics of bilirubin transfer from phospholipid vesicles to GST. The spontaneous rate of bilirubin transfer from dansyllabeled (0.5 mol%) small unilamellar phosphatidylcholine vesicles to GST was measured by the reemergence of donor vesicle fluorescence over time. To obtain a broad range of acceptor concentrations, the quantities of GST required for this study were higher than those attainable with pure glutathione S-transferase B. Hence, these studies used unfractionated rat liver GST, which consists primarily of alpha class (65-85%) and, to a lesser extent, mu and pi classes of GST (15, 44). Since the GST alpha class (YaYc) binds bilirubin with significantly higher affinity than the mu and pi classes ($, 9), glutathione Stransferase B is presumed to be serving as the principal acceptor protein in these studies, as supported by experiments demonstrating that the rate of bilirubin transfer from unfractionated GST to acceptor vesicles is virtually identical to that obtained with similar concentrations of purified glutathione S-transferase B (data not shown). A plot of the bilirubin transfer rate versus the donor vesicle phospholipid/GST molar ratio (Fig. 6 ) exhibits an asymptotic decline, consistent with a diffusional process (Eq. 2). Indeed, as the relative concentration of GST to donor vesicles is increased, the rate of bilirubin transfer rises toward that previously reported for bilirubin dissociation from small unilamellar vesicles (26) . Thus, it appears that bilirubin delivery to, and dissociation from, GST occurs via a diffusional mechanism.
Bilirubin transferfrom basolateral liverplasma membranes to small unilamellar phosphatidylcholine vesicles in the presence of glutathione S-transferase B. The rate of bilirubin trans- fer from rat liver basolateral plasma membrane donor vesicles to dansyl-labeled small unilamellar phosphatidylcholine acceptor vesicles was analyzed both in the presence and absence of glutathione S-transferase B to characterize the effect of GST on the kinetics of bilirubin intermembrane movement. The data from a representative set of transfer experiments are displayed in Fig.  7 . In these studies, the concentration of acceptor vesicles was in large excess of donor vesicles to minimize the contribution of reverse bilirubin transfer to the overall rate (i.e., initial rate conditions). At constant bilirubin, plasma membrane, and phospholipid vesicle concentrations, the rate of bilirubin delivery to acceptor vesicles declined asymptotically with increasing GST concentration (Fig. 8) . These results cannot be explained on the basis of bilirubin redistribution to GST since, given the marked excess of donor and acceptor vesicles, GST binds a trivial percentage of the total bilirubin present (< 5% at the highest GST concentrations used (26) . While bilirubin dissociation from isolated rat liver plasma membranes is less rapid than from model vesicles (because of the larger diameter of the native membranes), the off-rate is -1.5-3-fold faster than from GST (27) . Moreover, the diffusion coefficient for the bilirubin monomer likely exceeds that of the bilirubin-GST complex by at least one order of magnitude (13) . Taken together, these findings suggest that direct intermembrane transfer of monomeric bilirubin through the aqueous phase is significantly more rapid than GST-mediated bilirubin transport. Hence, it would appear unlikely that glutathione S-transferase B serves an intracellular transport function, at least with regard to unconjugated bilirubin.
We further examined this hypothesis by directly measuring the rate of intermembrane bilirubin transfer between native hepatocyte basolateral plasma membranes and phospholipid acceptor vesicles in the presence of glutathione S-transferase B. Model phosphatidylcholine vesicles, rather than labeled microsomal membranes, were used as acceptors to enhance the sensitivity of the system. The validity of this strategy is based on our observation that the kinetics of bilirubin transfer from glutathione S-transferase B to phospholipid vesicles is similar to those for transfer to isolated microsomes, suggesting that integral microsomal proteins play little role in ligand dissociation from GST or binding to acceptor membranes (27) . As predicted by the diffusional model (Eq. 10), increasing GST concentrations resulted in a reduced rate of bilirubin delivery to acceptor membranes. With the sole exception of liver fatty acid binding protein (FABP) (49, 50) , the majority of cytosolic transport proteins, including heart FABP (43), adipocyte FABP (41), nonspecific lipid transfer protein (38, 40, 51) , and phosphatidylcholine transfer protein (42) , exhibit collisional transport kinetics. It also is notable that each of these proteins, including liver FABP (52) , has been shown to enhance the intermembrane transfer rate of the corresponding ligands. In contrast, glutathione S-transferase B does not increase, but rather slows, the rate of bilirubin intermembrane movement. Hence, contrary to the kinetic behavior typical of intracellular transport proteins, increased concentrations of GST would appear to result in a slower rate of ligand delivery from the plasma membrane to the endoplasmic reticulum.
The data presented in Fig. 8 (54) . The physiologic relevance of nonsubstrate ligand binding to GST remains conjectural. There is evidence that the interaction of various endogenous compounds (e.g., bilirubin, heme, corticosterone, triiodothyronine) and xenobiotics (e.g., hematin, sulfobromophthalein, cephalothin, morphine sulfate) with GST, at a location independent of the active site, regulates enzymatic activity (4, 5, 8, 9, 55, 56) , primarily as a result of induced changes in protein conformation (57) . Thus, the high-affinity interaction of nonsubstrate ligands with GST may represent an epiphenomenon of binding at this secondary binding site. Alternatively, it has been proposed that the GST function as an intracellular binding reservoir (2, 58) . In this capacity, it is postulated that GST serve a cytoprotective role by decreasing the partitioning of hydrophobic and amphipathic molecules into cellular membranes. Other investigators have shown that the presence of high intracellular concentrations of GST facilitates net uptake of nonsubstrate ligands into the hepatocyte by decreasing ligand efflux from the cell (1, 12, 59, 60) , although these observations have been challenged (61) . It is notable that various xenobiotic compounds have been demonstrated to modulate GST gene expression in a host of tissues, including the liver (44, 62, 63) . Specific evidence in support of the potential regulation of GST expression by bilirubin is derived from the finding that erythrocytes of infants with neonatal jaundice (unconjugated hyperbilirubinemia) exhibit markedly elevated GST activity as compared with nonjaundiced newborns (64) . In light of these observations, our data raise the intriguing possibility that the hepatocyte (and potentially other epithelial cells) may regulate the delivery of nonsubstrate ligands to intracellular sites of metabolism by modulating the cytosolic levels of GST.
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